Acceleration Effects on Electron Tubes 

By F. W. STUBNER 

(Manuacript received Juno 19, 1953) 

This paper discusses methods of measuring shock and vibratory accel- 
erations to which electron tubes may be subjected in various equipments, 
and the influence of tliese disturbances on the performance of the tubes. 
An outline is given of the design problems conncdcd with the elimination 
of tube damage or faulty operation of tubes under adverse shock or vibra- 
tion conditions, and of the methods used for (simulating these conditions 
by means of production test machines and test methods. 

INTRODUCTION 

The rapid expansion of the use of electronic equipment by industry 
and the armed services has created increasingly new demands on both 
the electrical and mechanical characteristics of electron tubes. Since 
these tubes are electronic devices, it is only natural that their structural 
designs are dictated to a large extent by electrical requirements. How- 
ever, the experience gained with conventional tubes in some of the new 
equipment applications has revealed certain mechanical shortcomings 
which reflect on the proper functioning or life of the tubes. The realiza- 
tion of the increasing importance of mechanical design has resulted in 
an increased effort for structural improvements to assure more reliable 
tube performance. The term "reliable", as used here, denotes that a tube 
has a high degree of dependability when subjected to specific conditions, 
either electrical or mechanical. Thus, the requisites for reliability may 
differ for various applications. Although, in designmg a tube, many re- 
quirements must be taken into consideration, only some of the problems 
connected with dependable tube performance under mechanical distur- 
bances, i.e., shocks and vibrations, will be discussed here. 

Since the performance of a tube depends on the geometry of its com- 
ponent parts, minute changes in element spacing may produce variations 
in its characteristics. Because of the necessarily delicate stmcture of 
some tube elements, permanent or transient dimensional changes may be 
produced by mechanical forces acting on the tube unless the tube is 
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specifically designed to minimize the effects of such distrubances. For a 
rational design, it is, therefore, necessary to have some knowledge of the 
nature of the disturbances likely to be encountered by tubes during their 
service life. If one considers the numerous conditions under which elec- 
tronic equipment is required to function, it becomes clear that the me- 
chanical requirements are manifold indeed. Equipment applications can 
be di^dded into three general groups, each one imposing in many cases 
special requirements on tubes. These groups are: (a) stationary equip- 
ment, such as central office telephone installations, home radio and tele- 
vision receivers, etc., (b) mobile equipment used in land vehicles, ships 
or airplanes, and (c) portable equipment. In many instances, military 
equipments straddle above subdivisions and superimpose additional re- 
quirements. It must be stressed, too, that pre-service conditions encount- 
ered through handling and shipping must be taken into consideration, 
since a tube is of no use to the customer until it is installed and operating. 

A knowledge of expected service conditions is not only useful in the 
initial design stage but also aids the manufacturer in devising suitable 
test gear to check the quality of the product at the factory. Although a 
wealth of data has been collected on shocks and vibrations to w^hich elec- 
tronic equipments are subjected under actual service conditions, little 
is known how these disturbances are altered by the mechanical structures 
of the equipments before they reach the tubes. In general, the nature 
and magnitude of mechanical disturbances can be expressed in terms of 
acceleration, velocity, or displacement. Since electron tubes may respond 
to a wide frequency range of vibrations, the most sensitive measure is 
acceleration, which varies as the square of the frequency of the element 
displacement. Velocity or displacement instruments are usually not suffi- 
ciently sensitive to give a true record of disturbances in the higher modes 
of vibration due to the small velocity and displacement values involved. 

The investigation of the nature of accelerations at tube sockets offers 
special problems. The accelerometcrs must approximate the weights of 
the tubes used in the respective sockets so that the disturbances are not 
modified by the substitution of acceleration pick-ups for the tubes. For 
the same reason, the method of fastening the accelerometera in 
the sockets must duphcate that of the tubes, and since the accelerating 
forces may act in several directions, the accelerometcrs must be capable 
of exploring these various directions. Ijightweight accelerometers meeting 
the above requirements have been developed recently. These instru- 
ments are generally built to approximate the weight, weight distribution, 
and shape of vacuum tubes. A more detailed description of these accelero- 
meters and associated recording circuits is given in the following chapter. 
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ACCELEROMETERft AND ASSOCIATED INSTRUMENTATION 

Instnimentatioii employed for measuring accelerations depends largely 
on the frequency range of the disturbances to be recorded, which, for 
vacuum tube applications, covers approximately the audio spectrum. 

In practically all cases, electronic recording equipment is used because 
of its high degree of flexil)ility. Its basic components (consist of (a) a 
mechanical-electrical transducer which translates mechanical distur- 
bances into proportional electrical potentials, (b) an electronic amplifier 
to step up the voltage output of the transducer to desired levels, and (c) 
an indicating instrument, usuall}'^ a cathode ray oscilloscope, for obser- 
vations of the disturbances. 

Accelerometers 

Although several types of mechanical-electrical transducers or pick- 
ups are in existence, it has been found that the self generating types em- 
ploying materials such as quartz or ferro electric crystals, are most useful 
since they can be (Constructed so that their output is directly proportional 
to acceleration over a large frequency range. Velocitj'- and displacement 
indicating instruments are sometimes used for low frequency work; by 
suitable differentation their output signal will be proportional to acceler- 
ation. 

An accelerometer must have the following fundamental properties: 

(a) the signal produced must be proportional to the accelerations to 
be measured. 

(b) its calibration must be stable and unaffected by humidity and 
temperature changes encountered. 

(c) its mechanical strength has to be adequate to withstand the accel- 
eration stresses to which it is subjected. 

(d) its weight must be sufficiently low so that the disturbance patterns 
are not modified by loading. 

(e) its sensitivity (voltage output/g) and useful frequency range must 
he sufficiently high to cover acceleration magnitudes and frequency com- 
Donents to be recorded. 

A number of piezoelectric materials are available and have been em- 
ployed in various electro-mechanical transducers. The development of 
practical light-weight transducers has been made possible by the use of 
some of the relatively new ferro-electric ceramics. By proper compound- 
ing, firing and poling, these materials can be made to have very high 
sensitivity and good life stability. Other advantages are their high dielec- 
tric values, good mechanical strength and relative insensitivity to usually 
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encountered humidity and temperature conditions. Accelerometers ap- 
proximating the size and weight of electron tubes arc now commercially 
available and used for measuring accelerations imparted to tubes through 
their sockets. 

By proper construction the voltage output of these pick-ups is pro- 
portional to the stresses induced in the active elements within the desired 
frequency range. Depending on choice of material and construction, their 
active elements can be used in compression, shear, or torsion. Fig. 1(a) 
shows the simplified construction of a compression type pick-up. It 
consists of (1) a base which is rigidly fastened to the point at which ac- 
celerations are to be measured, (2) a sensitive element, (3) a weight, and 
(4) a retaining spring. The whole assembly is sho\vn held together by a 
screw. The mechanical equivalent of this structure is shown in Fig. 1(b). 

When this unit is subjected to sinusoidal motion its displacement is 
given[_by 

X = Xo ■ sm(j}-t 

Where X = instantaneous displacement of the base from equilibrium 
at time i 

Xq = maximum displacement from equilibrium 
0) = circular frequency of the motion 
The instantaneous acceleration then becomes 



a = -=-r = —Xqo}^ Sin cot 
at- 



(1) 



The motion is transmitted to the mass M through the parallel spring 




BASE (i) 



U^AXIS OF MAX 



SENSITIVITY 




W////////M. 



(a) 



(b) 



Fig. 1 — Compreasion type accelerometer .(a) and its mechanical equivalent(b}. 
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system formed by the stiff active element Kz and the retaining spring ^i. 
For negligible damping in these springs the motion of the mass relative 
to the base is: 



2/1 = ^r^-Sinoj^ (2) 



©• 



Here w„ = the natural circular frequency of the mass on the springs. The 
force F exerted by the springs on the mass is : 

{K, + K,)Xo (^y 

F = {Ki + KdVi = / X2 Sin wi (3) 

l-(^ 



The accelerometer is constructed so that the spring constant Ki of the 
retaining spring is considerably smaller than that of the active element 
Ki. Therefore, for vibration frequencies relatively low as compared to w„, 
equation' (3) becomes: 

F = ~^ Xqu Sin (lit 
Where (4) 

Ki 2 

T = M, and Xou Sin ut = a 

The stress produced by this force F produces a charge on the active ele- 
ment which is proportional to the instantaneous value of the acceleration 
to which the unit is subjected. Properly cahbrated therefore, the acceler- 
ation can be measured in gravitational units. When the disturbing force 
consists of a number of these components, the total instantaneous output 
is proportional to the sum of these components, within the frequency 
limitation of the pick-up. 

In deriving the above expressions, a number of assumptions have been 
made. Equation (4) therefore holds only if: 

(a) wn is made large compared to the highest shock or vibration fre- 
quencies that are to be recorded. 

(b) Ki is small compared to K^. Since the function of the retaining 
spring is merely to hold the assembly together for peak accelerations 
encountered, a soft spring with a sufficiently large static deflection can 
be employed or the spring may be replaced by conducting cement to 
hold the parts together. 
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Fig. 2 — Amplification of forced vibration on mass for two degrees of damping. 

(c) damping of the system is small. If damping is considerable, equa- 
tion (2) becomes 



Vi = 



(0 



Xq Sin toi 



\L VtJ"/ J L Cc WnJ / 



(5) 



In this expression c/cc = fraction of critical damping. However, since 
by construction, the natural frequency of the system is large compared 
to the forcing frequencies, and damping of the active elements employed 

in these acceleroraeters is small, the term ( 2 - ■ — )^ becomes negligible. 

Equation (5) therefore simplifies to equation (2). 

The useful upper frequency limit is generally fixed at }4 w„, because, 
as shown by Fig. 2* amplification of the impressed signal results as w/w„ 
increases. If the disturbances contain frequencies beyond the useful limit, 
low pass electrical filters must be employed in the associated amplifier 
to suppress these frequencies. The fact that this type of pick-up has very 
low damping offers some disadvantage in recording complex waves be- 

* Figs. 2 and 3 were obtained from material given in Reference 2. 
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cause phase distortion between the impressed and recorded frequency 
components takes place. Fig. 3* graphically illustrates this relation. This 



figure shows that 



©• 



'ould have to be made approximately 0.5 in order 



to have a phase angle proportional to the impressed frequencies, i.e., to 
obtain a true recorded pattern of the disturbance. Damping is generally 
not employed in accelerometers built to duplicate the size and weight of 
electron tubes due to constructional difficulties. The useful frequency 
limit of these devices is often not governed by the resonant frequencies 
of the active elements but by the lowest resonant frequency of their 
housing structure. 

As mentioned previously, the active elements of these light weight 
transducers can be employed in various ways. The first models which 
were de\^eloped a few years ago made use of the elements in compression, 
following the practice of their predecessors, or: the relatively heavy and 
large quartz crystal accelerometers. A working model of a compression 
unit is shown in Fig. 4(a). Although this type of unit can be constructed 
to have a very wide useful frequency range (high resonant frequencies), 
it possesses two disadvantages: its internal capacity is rather low, and 
it has poor directional sensitivity. Its sensitivity decreases to roughly 
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Fig. 'i — ■ Phase angle between force iind displacement as a function of the 
forcing frequency for two values of damping. 
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10 per cent of maximum in the direction perpendicular to the sensitive 
axis. Some improvements in directivity were obtained by utilizing the 
elements in shear. Fig. 4(b) illustrates a tandem shear type acceler- 
ometer. The construction of this unit is somewhat more complicated. The 
elements first have to be poled in the proper direction. The conducting 
layers used for poling in this direction then have to be removed and new 
conductive coatings have to be applied on the areas facing the base and 
mass M. The unit shown is sensitive to accelerations in the radial direction. 
The improved directivity of the shear elements over compression ele- 
ments is shown in Fig. 5. Although shear elements are superior for de- 
tecting acceleration components along desired directions, it is difficult 
to make their internal capacity sufficiently high without increasing the 
over-all weight of the accelerometer for a given sensitivity. The use of 
cantilevers for these applications also suggested itself, for relatively high 
tensile and compressive stresses can be produced in such structures. 
Cantilever type elements have been constructed as shown schematically 
in Fig. 6(a) . Here thin laminations of active material are cemented on op- 
posite sides of a small metal cantilever. Under the action of external 
forces bending of the inner member subjects the outer laminations to 
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Fig. 4 — (a) Radial miniature tube compression type accelerometer and (b) 
radial miniature tube shear type accelerometer. 
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tension and compression stresses respectively, thereby producing the 
desired charges in these elements. The characteristics, i.e., the resonant 
frequency and .sensitivity, of these elements are largely determined by 
the dimensions of the metal member. Relatively high internal capacities 
can be obtained by this construction. A recent variation of such a struc- 
ture is shown in Fig. fi(l)). In this design the inner metal component of 
the cantUever described above has been eliminated. The entire structure 
is made of the active material, in this case in cylindrical shape for ease of 
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riff. .5 — Relalivo angular response of cnmpresaion and shear type ferro electric 
crystal iieeclerometers. 



1212 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1953 

manufacture. Sections of conductive coating are deposited on this 
cylinder as shown. These are used to initially polarize the material, and, 
in use, to collect the charges produced by stressing the inner and outer 
fibers of the cylinder. It is interesting to note that these elements can 
be used to detect, by proper choice of connections, either radial or axial 
accelerations. Through suitable external instmmentation both directions 
can also be recorded simultaneously if desired. 

The above illustrations show but a few applications of this material 
for detecting accelerating forces. Additional forms will suggest them- 
selves, each of particular advantage for specific application. 

The sensitivity of an accelerometer is generally given in coulombs/g or 
open circuit voltage. Its effective \'oltage output over a given frequency 
range is a function of the characteristics of the associated equipment 
including the connecting cable. Calibration in the lower frequency range 
up to a few hundred cycles may be performed by vibrating the acceler- 
ometer on variable frequen<;y vibration machines or resonating spring 
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Fio. 6 — (a) Metal cantilever type element and (b) radial and axial miniature 
cantilever type accelerometer. 
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systems at amplitudes that are measurable with the help of a microscope. 
The peak acceleration in gravitational units for sinusoidal motion is 
given by: 

g = .102 (c.p.s.)"' X amplitude (inc-hes) 

At higher frequencies, this method of calibration becomes imireasingly 
difficult due to the decrease in obtainable amplitudes. A calibration 
method for a wide frequenciy range is described in Reference 3. In gen- 
eral, the sensitivity of an aceelerometer is a function of the active ma- 
terial, its size, and the weight M employed. The useful frequency range 
increases with decreasing sensitivity. For a given design, a compromise 
therefore has to be made between these quantities and the over-all per- 
missible weight of the finished unit. To illustrate the approximate rela- 
tions of weight, size and sensitivity, units have been constmcted in the 
shape of miniature tubes weighing only 33 per cent more than their 
prototypes, with sensitivities in the order of 0.005V rms/g and a useful 
fre(]uency range of 3,000 cycles. 

Since these accelerometers are calibrated for rectilinear motion, the 
results obtained in measuring equipment vibrations or testing machines 
must be carefully interpreted. In many instances the disturbing forces 
impart a rocking motion to the units so that the position of the active 
elements in the housings will influence the acceleration magnitudes that 
are registered. 

Associated Instrumentation 

Since the voltage output of self generating accelerometers is small, 
electronic amplifiers have to be employed to liring the signal to desired 
levels. Fig. 7 illustrates a typical arrangement of the necessary equip- 
ment. A cathode ray oscilloscope is shown as the vasual indicating means, 
although other recording instniments can be employed, depending on 
the nature of the disturbances to be measured and the type of record 
desired. The prime reiiuirements of the equipment are: 

(a) phase distortion must be low, so that the disturbance pattern is 
correctly presented. 

(b) its transient and fretiuency response must be adequate for the 
frcquem^ies to be ret^orded. 

h\ the circuit shown in Fig. 7, the signal is fed into a cathode foUower 
stage ha\-ing a high input impedance in order to obtain good sensitivity 
and frequency response. The use of a cathode follower also offers more 
flexibility in the proper matching of the high impedance pick-ups to suit- 
able low pass iilters or to the following amplifying stage. The generated 
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signal is shunted by the capacity of the connecting cable. Since the volt- 
age impressed on the grid of the first stage is approximately 



V, = 7i 



C, 



Ci + Ca ■ 



it is desiralile to have Ci large compared to Ch- In some types of investi- 
gations cable whip may result in the introduction of spurious voltages 
on the signal. These voltages are produced by capacitance changes and 
static charges on the cable dielectric. To minimize this effect, the cable 
may be shunted by a padding condenser at the expense of the voltage V2. 
The National Bureau of Standards recently i-eported the development of 
a low noise cable* that is reported to overcome the shortcomings of the 
ordinary shielded cables. Cables with a suffit^iently low noise figure have 
also become available commercially. 

A timing and calibration voltage can be impressed across the 
low valued resistor R for comparison mth the disturbance signal. If 
resonant frequency signals of the accelerometers are excited by the dis- 
turbances being investigated, or the recorded frequency range is to be 
limited, the signal is fed through low pass filters before being amplified. 
This prevents possible overloading of the amplifier by the unwanted 
frequencies, so that maximum gain can be reahzed for the desired signal. 




Pig 7 — Schematic of uccelerometer and associated recording circuit. 



A — Equivalent circuit of acceler- 

ometer 
B — Cathode follower stage 
LP — Low pass filters 
Cj — Internal capacity of acceler- 

ometer 
C2 — Cable capacity 
Cb — Padding condenser 



D — Voltage amplifier 
E — Recording instrument 
F — Audio oscillator 
G — Voltmeter 
R — Calibrating resistor 
Vi — Voltage source 
V3 — Voltage impressed on first stage 
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Particular attention must be paid to the design of the filters since these 
elements are apt to introduce excessive phase shift and oscillations. A 
variable frequency electronic filter has been found to be quite serviceable 
due to its flexibility in the choice of cut-off frequencies. 

Additional information on shock and vibration instrumentation is 
given in Reference 5. Since the presentation of mechanical distrubances 
is, to some extent, Hmited by the transducers and their associated cir- 
cuits, there is a trend towards a certain amount of standardization of these 
components so that results can be compared on an industry \vide basis. 

TUBE DESIGN PROBLEMS IMPOSED BY ENVIRONMENTAL CONDITIONS 

It follows from the numerous acceleration measurements made at the 
installation points of equipment, that electron tubes, together with other 
components, have to withstand a large variety of conditions. Without 
over-simplifying the problems involved, it is perhaps permissible 
to divide these disturbances into two classes : ballistic shock, and transi- 
tory or sustained low g vibrations. Although, as a first approach, the 
effect of these distrubances on tube elements may be probed by mathe- 
matical analysis, the final design must be proven in by laboratory tests 
under controlled conditions. In discussing the influence of shock and vi- 
bration on tubes, their elements are frequently presented schematically 
as cantilevers, Fig. 8(a). While this assumption is a close approximation 
for some of the older tubes, such as the Western Electric No. 349B tube, 
Fig. 8(b), most tubes of later design. Fig. 8(c), do not lend themselves 
to such simple analysis due to their more complex structure. The response 
of elements to even simple shock pulses on tube envelopes are influenced 
by factors such aa the clearances in micas, mica fits in the bulbs and tight- 
ness ofjmount assemblies. 

It is obviously beyond the scope of this paper to analyze the destruc- 
tive effects of shocks and vibrations on equipment. A few of the many 
excellent articles and publications on this subject are listed in Reference 
6. It is equally impossible to present all of the many problems facing the 
electron tube engineer in designing tubes that will reliably serve their 
purpose under adverse conditions. Since tubes must be designed to with- 
stand distrubances encountered in the field or be adequately protected, 
the foUomng notes, highlighting some of these problems, mil be of in- 
terest to equipment as well as tube engmeers. 

Influence of High g Sfwcks 

In certain applications, tubes are required to withstand occasional 
high shocks such as those produced in military applications by explosions 
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of some kind. It is generally permissible that, during very severe shocks, 
electronic equipment is non-operative; therefore, the response of tubes 
during these disturbances may fall outside of assigned limits. However, 
since it is highly important that operations resume immediately, the 
tubes must show no permanent change nor have caused damage to the 
circuits as a result of temporary faulty operation. Although protective 
shock mounts are usually employed on equipments exposed to these 
conditions, damped equipment vibrations excited by the attenuated 
shock wave are superimposed on the pulse felt by the tube. 

Brittle or stiff tube components are most susceptible to shock because 
of their inability to absorb the shock energy by elastic deformations. 
Failures falling mto this category are: 

(a) glass breakage, which may be brought about by impact due to 
excessive movement of the tube or adjacent components durmg the 
impact. 

(b) metal to glass seal fractures, produced by shock loads on the tube 
leads and seals. 

(c) heater or filament failures and opening of welds. 






ta) (b) to 

Fig. 8 — Electron tube structures: (a) Simplified anode and cathode structure 
of a Western Electric No. 349B tube, (b) Western Electric No. 349B tube, and (c) 
typical miniature tube. 
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(d) damage to mioa serrations and enlarging of the mica holes which 
support and space tube elements. The deterioration of the mica is also 
known to liberate gas, which, in turn, results in a reduction of the 
vacuum. 

Permanent damage is also caused liy deformation of elements beyond 
their elastic limit. Bowing of grids and cathodes as a result of shock has 
been reported in some applications. 

Although not always realized by design engmeers, shocks and vibra- 
tions of surprising magnitudes may also occur in handling and shipping. 
If these conditions are not taken into consideration during the design 
stage, the o\'er-all cost of the pi'oduct may be adversely affected by the 
necessary protection that has to be built into the shipping container to 
assure safe arrival of the packaged article at its destination. While many 
factors enter into the proper design of shipping containers, such as mois- 
ture and corrosion protection, the selection of cushioning materials is 
perhaps the most important. Since it is desirable from a storage and 
shipping cost standpoint to keep the package bulk to a minimum, and 
protective packaging cannot always compensate for design weakness, 
adequate strength must be designed into the tube even though it will 
not be subjected to severe shocks once it is installed. A rather complete 
analysis of the dynamics of package (cushioning is given in Reference 7. 
At present, military requirements specify that packaged tubes must 
safely withstand several three foot drops onto a hard surface. 

Influence of Low g Disturbances 

In contrast to the relatively infrequently occurring high peak shock 
and vibrations, we find that many equipments are often subjected to 
repetitive shocks and sustained vibrations at lower acceleration levels. 
These conditions are generally encountered in vehicle, ship and airplane 
applications. Although these shocks and steady state vibrations can be 
attenuated through the use of shock and vibration mounts, the effec- 
tiveness of these mounts may be reduced sharply by a change in disturb- 
ance frequencies from normal. 

Tube failures resulting from these conditions are generally caused by 
fatigue of some tube elements. For instance, the continual hammering 
of micas against tube walls or chattermg of cathodes and grids in the 
mica, may reduce the value of the micas as supporting and spacing ele- 
ments, and since tulies are required to function under these conditions, 
the gradual degradation of the micas will bring about an increase in the 
tubes' microphonic output. Where microphonism is a factor, the useful 
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life of a tube is, therefore, terminated long before more apparent failures 
occur in the tube structure. Other pomts of weakness are heater and 
filament leads. 

As may be deduced from the above, mierophonism is a frequent cause 
of complaint when tubes are subjected to low but repetitive shocks or 
transient vibrations. To illustrate the influence of such disturbances on 
tube performances, the results of recent investigations of tube miero- 
phonism found iji a certain equipment will l)e cited. 

In this case, field reports indicated that certain tubes exhibited exces- 
sive mierophonism in the equipment, although the tubes were found to 
be within limits when judged by standard factory tests. It was apparent, 
therefore, that these tests did not simulate actual conditions. Accelera- 
tion measurements made at the equipment base and at tube sockets 
revealed that the steep, short duration impact of a blow delivered to 
the outer case excited resonant vibrations of the chassis on which the 
tubes were mounted. The magnitudes of these vibrations were only in 
the order of O.lg, but their lowest frequency (approximately 550 ops) 
was close to the mount resonances of some of the tubes. Further tests 
also showed that those tubes having pronounced response, i.e., low damp- 
ing, to vibratory motion in this frequency range also proved to be micro- 
phonic in the equipment. (The vibration sptictmm of one of the tubes is 
reproduced in Fig. 9.) It was found that tht; various modes of vibration 
of the tube mount produced the high peaks in the range between 500 
and 1000 cps. Unfortunately, present factory tests do not include a 
complete evaluation of tube response over a wide enough frequency 
spectmm. 

Observations made on several equipments indicate that structural 
changes in the chassis or re-positioning of tubes would, in some instances, 
reduce the effect of mechanical disturbances on tubes. An occasional 
source of trouble is introduced by equipment motor vibrations, especially 
after mechanical wear has increased play in the moving parts. The ac- 
celerations involved in these vibrations are usually very small, but if 
their frequencies coincide with structural resonances in the tulles, unsatis- 
factory operation of the equipment may result. The mfluence of such 
disturbances on tube operation is not always recognized by equipment 

designers. 

Several programs are currently pursued by both military and com- 
mercial agencies to increase tube reliability. Since the necessary requi- 
sites that make a tube reliable depend on the type of service to be per- 
formed and environmental conditions, the requirements stressed in the 
various programs differ in many respects. Some of these requirements 
are still in a state of flux, as actual needs are as yet not clearly known. 
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VIBRATION FREOUENCr IN CYCLES PER SECOND 
Fig. 9 — Frequency response of a tube that exhibited microphoniam in equip- 
ment. The direction of vibration is perpendicular to the major diameter of grids 
and tube axis. 



SHOCK AND VIBRATION REQUIREMENTS AND TEST EQUIPMENT 

General requirements 

Certain tests have been written into the MIL-E-IB^ and other speci- 
fications to control the shock and vibration characteristics of tubes, and 
to check on their behaviour under given mechanical excitation. Long 
usage has given these specifications some validity in that they control 
the quality of the product even though actual field conditions may not 
necessarily be simulated in the tests. 

At present, one or more of the following three types of tests are called 
for on tube specifications: 

(a) Shock tests. These are high acceleration tests to insure that tube 
structures will withstand occasional shocks of given maximum magni- 
tudes. Since, in general, tubes are not required to function during high 
peak shocks, no operating voltages are applied to the tubes for this test. 
The post shock requirements are that the tube characteristics must not 
have drifted out of their limits. In many cases, the type of shock tester 
to be used is specified, because it is difficult to define the shock output of 
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many of these machines in terms of acceleration and frequency content, 
etc. The response of tube structures may be vastly influenced by shocks 
of the same nominal acceleration but differing acceleration wave forms. 
Shock tests are also performed on tubes during their initial development 
to obtain the degree of cushioning required for safe shipping and handling 
purposes. 

(b) Vibration tests. These are low acceleration, fixed frequency tests. 
They are made on machines with sinusoidal displacement output. Short 
time duration 25-cycle — 2.5g, or 50-cycle ~ lOg tests are specified for 
tubes that are generally not exposed to constant vibrations. Usually no 
voltages are applied to the tubes under test since their prime purpose is 
to check for sound tube structures. Electrical post vibration perform- 
ances are the criteria of tube quality. In this category also fall the long 
time duration vibration tests made on tubes intended for use in equip- 
ment that is known to be subjected to continual vibration, such as 
shipboard or mobile equipment. Present specifications call for 96-hour 
tests at 2.5g — 25 cycles. This, therefore, is a fatigue test which deter- 
mines the capability of tulie structures, under prolonged cyclic stresses. 

(c) Microphonic vibration test. A 25-cycle — 2.5 g test performed with 
specified \'oltages on the tubes under test to investigate the influence of 
low acceleration vibration on the output of tubes. This test is specified 
on certain tubes, especially those used for audio applications. The per- 
missible magnitude of spurious signals excit<id by vibration is limited on 
the respective tube specifications. 

(d) Tap tests. These tests are peiformed for two purposes. One is for 
the detection of defects such as foreign particles between close spaced 
adjacent elements, damaged elements, or poor welds. Open and short 
testers of given sensitivity are used to indicate these defects. The second 
purpose for tap testing is the investigation of microphonic response of 
tubes to mechanical disturbances. For these tests the tubes are made to 
work in Class A amplifier circuits. Acoustic feedback may be used, so 
that the tube is not only subjected to the mechanical tap, but also to 
the sound of the tap excited microphonic signal which is reproduced 
through a loud speaker spaced at a given distance from the tube. Sus- 
tained microphonism can be produced by these means under certain 
conditions. The purpose of this type of test is to simulate conditions to 
which tubes are subjected in some equipments, especially those closely 
coupled to audio output components. 

Equipment 

The following is a brief description of the machines used for the per- 
formance of the above tests and their output characteristics. 
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MIL-E-IB Bump Tester 

This is uiie of the earhest de\'ices employed for shock testing of tubes 
under controlled conditions. In order to assure uuifonnity of results the 
MIL specifications give its physical dimensions. Fig. 10 illustrates the 
tester and its method of use. The magnitude of the shock and its duration 
is given by tube weight, shape of tube envelope contacted by the ham- 
mer, resilience of mbber pad on the hammer, and the angle {6} through 
which the hammer is permitted to swing before striking the tube. 

Although for the performance of the tests, only the angle (6) is speci- 
fied, the shock characteristics of this device have been investigated/" so 
that shock magnitudes and durations for any tube may be computed 
from the parameters given above. A typical acceleration time curve ia 
shown in Fig. 11. The simple bell shaped outline of the accelerogram is 
given by tlie non-linear sprmg characteristic of the rubber pad and the 
generally (cylindrical shape of the tube envelope. 

Shock Testing Mechanism per ASA-C39.3 

This mechanism is also used to check and compare the resistance of 
tubes to mechanical shocks of predetermined magnitude and duration. 
In this device the sample to be tested is rigidly fastened on a platform. 
A steel leaf spring supported nt lioth ends is attached underneath this 
platform. The test on the sample is performed by raising the platform 
to a certain height, allowing it to fall on a steel anvil, and then catching 
it on the reliound. 

The shock magnitude is given by 

r^ . /2hk 

(j max = A/ -=77- 
Y yy 

and its duration by 

where TT^ = tableweight (lbs.) 

h = height of fall (inches) 

A' = spring constant of leaf sirring, 
A number of leaf springs are available to produce the desired shock 
characteristics. A full discussion of this mechanism and its perfonnance 
are covered in Reference 11. A slightly modilied version of the tester, 
used by the Laboratories, together with a typical shock pulse, is shown 
in Figs. 12 and 13. It can be seen that the pulse is essentially of smus- 
oidal shape with higher frequencies superimposed on it. The fundamental 
frequency is produced by flexing of the leaf spring during its contact 
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Fig. 10 — One of the early devices employed for shook testing of tubes under 
controlled conditions — the MIL-E-IB bump tester. 

with the table anvil while the higher frequencies are due to table reso- 
nances which are excited by the metal-to-metal impact of spring and 
anvil. 

High Impact Machine for Electronic Devices 

This machine was originally intended to test the resistance of tubes to 
high peak-short duration shocks similar in nature to those encountered 
by equipment fastened to parts of ships that are likely to be exposed to 
direct explosion pressures/^ The shock is produced by a steel hammer 
pendulum striking a movable steel table on which the tube under test is 
momited. The shock magnitude is given by the angle through which the 
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pendulum is allowed to swing under the action of gravity before the 
hammer strikes the table. The forward motion of the table produced by 
the impact is arrested by two shock absorbers. 

The impact of the hammer on the anvil of the table produces an 
abrupt velocity change of the table and excites table resonances, both 
horizontally and vertically. Because of the structure of the table a very 
complex acceleration wave form results. In general the accelerations for 
a given hammer swing vary over the table surface. It is for this reason 
that, in testing procedures, the position of the tubes on the table and 
their method of clamping are well defined; and since the acceleration 
wave shape is the sum of many vibratory frequencies rather than a single 
shock pulse, the severity of the test is expressed by the angle of hammer 
swing instead of a shock magnitude and duration. Although some uni- 
formity in performance is attained by rigid standardization of the struc- 
ture of the machines and the above mentioned positioning of the tubes, 
minute differences in these parameters may produce sufficient variations 
in shock output to reflect on test results. Acceleration-time traces of 
shocks measured in the shock direction by an accelerometer fastened near 
the anvil of the table and a second accelerometer clamped to the center 
of the table, are shown in Figs. 14 and 15. The records were simultane- 
ously taken through 10,000-cycle low pass filters. Even though the 
recording of accelerations containing high frequencies of large amplitudes 
is, to some extent, a function of the measurmg equipment, it is seen 
that significant differences in output exist between the two points of 
measurements. 




Fig. 11 — Acceleration -time pulse produced by MIL-E-IB bump tester. 
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Fig. 12 — Shock testing mechanism per ASA-C39.3. 




Fig. 13 — Typical shock pulse obtniiipd with the tester shown in Fig. 12 (A) 
acceleration piilse, (Bj timing trace, Jind (C) stress in leaf spring. 
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Fig. 14 — High-impact machine for testing electronic devices. 




Fig. 15 — Acceleration -time ])ulKe6 produced by machine shown in Fig. 14. 
Upper trace recorded near anvil, lower trace recorded in center of table. 
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This machine can also be used to produce lower G shocks of longer 
duration and simpler wave form by interposing a resilient rubber pad 
between the anvil and hanmier. The resulting shock resembles the bell 
shaped output of the MIL-E-IB bump tester. Its magnitude and dura- 
tion are given by the hammer swing, resilient characteristics of the pad, 
and the table and specimen weight. The capacity of the machine permits 
shock testing of heavier tubes (such as the larger magnetrons) by this 
method. Attainable shock levels are sufficiently high to cover the require- 
ments placed on these tubes by conditions encountered during transit. 

The L.A.B. Package Tester 

Of particular interest to the packaging engineer, this machine is in- 
tended to duplicate the destructive vibrations and shocks experienced 
by a product during transit. It consists of a horizontal table that can 
be made to vibrate with a circular motion in the vertical plane. Adjust- 
ments permit variations of this motion to simulate freight car and motor 
truck movements. Tests performed on this machine, therefore, check on 
the mechanical strength of the outer shipping container as well as on the 
adequacy of cushioning materials employed to protect the product. The 
services are also considering this machine to test equipment designed 
for use in vehicles. Tests are now in progress by the Signal Corps to 
determine proper parameters for this application. 

Vibration Machines 

A number of vibration machines, made by various manufacturers, are 
employed for vibration testing of tubes. Due to the high hash output 
of most mechanically driven machines, whi(!h contain gears and linkages, 
great care must be taken in the selection of these machines. Certain tests, 
especially the microphonic tests on recei^'ing tubes, require machines 
with good sinusoidal output, in order to obtain comparable results. It is 
for this reason that the leaf spring vibration machine (Fig. 16), developed 
several years ago by Bell Telephone Laboratories, has been recommended 
as a standard for performing vibration tests. This is a fixed frequency, 
25-cycle — 2.5 g machine which, due to its construction, has a relatively 
clean output as shown in Fig. 17. 

Several types of electronically or motor-generator driven vibration 
machines are on the market. These are variable frequency and variable 
amplitude machines especially useful for determining resonance fre- 
quencies of structures and for performing cycling vibration tests. Ac- 
cessory equipment has been made available lately to conduct these tests 
on an automatic basis at either constant acceleration or constant am- 
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Fig. 16 — Leaf spring vibration machine developed several years ago by Bell 
Telephone Laboratories. 




Fig. 17 — Acceleration output of the leaf spring vibration machine. 

plitiide ovei: a given frequency range. Within the limitations of these 
machines and their power sources, it is also possible to subject specimens 
to complex disturbances. For instance, a projected use is the reproduction 
of recorded equipment \'ibrations so that the response of tubes to these 
conditions can he studied m the laboratory. 

Tube Tappers 

The physical construction of tube tappers used in the electron tube 
industry varies from the simple maimally operated cork mallets to the 
more complicated automatic tappers. Since it has long been recognized 
that the reproducibility of manual tapping is rather poor, efforts have 
been made to replace these devices by automatic tappers or other 
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methods of checking microphonism in tubes. The industry, in collabora- 
tion with the Services, is now engaged in standardizing on automatic 
tappers. The prime requisites for such tappeis are: (a) their shock output 
must be reproducible and must fall within definable limits, (b) their 
operation cycle must not adversely affect the time required for perform- 
ing tap tests, and (c) the results obtained must have some relation to the 
environmental requirements for the tubes. This last condition is, perhaps, 
the most difficult to attain considering the diverse conditions encoun- 
tered by tubes in various equipments. 

(.)f the many tappers debased and employed by the industry, the use 
of only two are at present approved in the MIL-E-IB specifications. 
One is a manually operated cork mallet. This mahet is still retained in 
spite of its shortcoming, for lack of better devices. The second is the 
General Electric Automatic Tapper, specified for checking microphonism 
of some of the reliable tubes. This is a motor driven tapper which sub- 
jects the tube under test to damped low "g" vibrations at the rate of 2 
taps per second. The tappei- and associated circuits are fully described 
in the MIL specifications. 

Space does not permit the discussion of other proposed tappers or test 
methods. Two rather interesting papers are listed m References 13 and 
14, which illustrate the problems involved in the development of suitable 
devices for checking microphonism in tubes and describe some of the 
various methods of approach. 

SUMMAHT 

The rapid growth of electronic equipment development during the 
late war has continued with the ever increasing new applications to both 
military and civilian purposes. It is realized that this growth has placed 
more strmgent requirements on the mechanical characteristics of electron 
tubes. In order to define intelligently tube requirements, the nature of 
the disturbances to which tubes may be subjected must be known. It 
was pointed out that merely applying equipment requirements to the 
tubes, is not very realistic, smce the shock and vibration patterns may 
be vastly modified by the equipment structures. 

With the help of the recent development of light weight accelerometers, 
it is now possible to investigate the disturbances at the tube sockets. 
Both the Industry and the Services have Ijegun to utilize these instil- 
ments to collect this information. The benefits derived from this work 
will enable the equipment and tube designei's to formulate more accurate 
requirements and to devise test gear that will simulate more closely field 
conditions to check on tube quality. 
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Although, as a result of the trend to miniaturization, the strength of 
electron tubes has been increased, due to the smaller size and mass of 
elements employed, much has still to be done to increase tube resistance 
to ballistic shock. This would result in simplification of shipping con- 
tainers and reduce the need for protection by shock absorbers in equip- 
ment. Equally important is the effort now made to reduce the micro- 
phonic response of the tubes. Here, too, the smaller size of the late 
tubes is of advantage because element resonant frequencies are increased. 
And since the higher frequenciy components of disturbances are largely 
attenuated by equipment structures, the tube responses have been 
lessened. 

With a better understanding of the problems involved in tube pro- 
tection, it is also quite possible that further improvements can be ef- 
fected in some instances by structural changes of equipment members, 
or re-orientation of tubes in the equipment to reduce the effects of shock 
and vibrations on tubes. 
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